Coastal sandplain heathlands are a rare plant community in the northeastern United States. Salt spray and water availability are likely important factors determining heathland distribution. Field surveys and manipulative experiments were performed to examine heathland species' responses to salt spray and water availability. We surveyed field distributions of four typical heathland species: Solidago puberula, Solidago rugosa, Gaylussacia baccata, and Myrica pensylvanica. The distributions of two native tree species, Pinus rigida and Quercus ilicifolia, were also surveyed because they succeed into coastal heathlands with low disturbance frequency. We then manipulated salt spray and water in the field and measured species' water status, necrosis, and growth responses to the treatments. Predawn xylem pressure potential and necrosis were strongly affected by high salt spray and low water availability. Shoot elongation was also limited in S. puberula and S. rugosa grown in high salt, low water treatments. Gaylussacia baccata and Q. ilicifolia were particularly sensitive to high salt spray and low water, suggesting that they might excluded be from areas with those conditions. The interaction between salt spray and water availability could affect the landscape scale and should be incorporated into conservation management plans.
growth in coastal woody plants (Wells and Shunk, 1937; Roper-Lindsay and Say, 1986) . In addition to affecting plant stature, salt spray can also greatly influence coastal plant community composition. Zonation and succession in coastal systems are often the result of variation in species' tolerance to salt spray (Oosting and Billings, 1942; Oosting, 1945; Boyce, 1954; Randall, 1970; van der Valk, 1974; Barbour and DeJong, 1977; Barbour, 1978; Tyndall et al., 1987; Sykes and Wilson, 1988) . We provide evidence that salt spray might be an important abiotic disturbance in coastal heathlands. Through field surveys, we found that salt spray accumulation on heathland plants is closely correlated with increased water stress, increased leaf necrosis, reduced height, and an absence of trees (Griffiths, 2003) . Greenhouse studies have demonstrated that these responses are the direct result of salt spray (Griffiths and Orians, 2003) . This could be one mechanism through which the characteristic dwarf stature of heathlands is maintained.
Because salt spray primarily inhibits plant growth by causing water stress (Pammenter and Smith, 1983; Munns, 1993) , we hypothesized that the effects of salt spray will be more pronounced when there is low water availability. In fact, heathlands frequently occupy areas with low water availability and many heathland species can tolerate high levels of water stress (Roper-Lindsay and Say, 1986) . Thus, in areas close to the ocean with high salt spray and low water availability, nonheathland species may be excluded by the abiotic conditions. One goal of this study was to explain within-and among-site variation in plant community composition as a function of water availability and salt spray accumulation patterns. Our second objective was to carry out manipulative field experiments on common and successional heathland plants to determine interspecific differences in salt spray tolerance. The physiological, morphological, and growth responses of six species to different salt spray and water availability were measured. We predicted that differences in species' responses to salt spray and water availability would be reflected in the distribution of the species relative to the ocean and soil water availability. 25, 50, 75, 100, 125, 150, 175, and 200 m. At each distance, two replicate soil cores were taken from the top 15 cm of the soil, excluding the litter layer. The soil samples were mixed and a 10-g soil subsample was placed in an aluminum tin and dried in a 110ЊC oven for 24 h. Soil water content was calculated by subtracting dry mass from wet mass to give the amount of water expressed in grams of water per 100-g sample (Brower et al., 1997) .
We measured species presence/absence in 1 ϫ 50 m quadrats running parallel to the ocean. At both field sites, two quadrats were placed at each of eight distances from the dune crest. In addition, plant stem density was sampled per 1 m 2 . At each distance, we measured the number of stems of all species in six randomly placed 1-m 2 plots. Here we report stem density only for the focal species used in the manipulative experiment: Solidago puberula Nutt., Solidago rugosa Miller, Gaylussacia baccata (Wangenh.) K. Koch, Myrica pensylvanica Mirbel, and Quercus ilicifolia Wangenh. Pinus rigida Miller, although present in adjacent inland forests, was not present in any of the coastal heathlands surveyed.
Manipulative experiment-Our manipulative study was carried out at Priscilla Hancock Meadow, a conservation area owned by the Sheriff's Meadow Foundation. The study site was located approximately 1 km from the ocean, just inland from a stand of tall trees. Such stands can effectively block salt spray and wind from areas leeward of the windbreak (Clayton, 1972) . We measured salt spray and found that it did not accumulate in the study area during the experiment, which allowed us to control for natural wind and salt spray effects while manipulating salt spray levels. Background soil moisture was also measured; the levels around focal plants were not significantly different among treatment plots, with percentage soil moisture of 9.99 Ϯ 0.48 (mean Ϯ 1 SE).
The study used six focal species: four typical heathland species and two native tree species that are successional in heathlands. The heathland species included the forbs S. puberula and S. rugosa, the shrubs G. baccata and M. pensylvanica, and the successional trees P. rigida and Q. ilicifolia, which are frequently found in heathlands with low disturbance levels. Eighteen individuals of each species were tagged and randomly assigned into salt spray and water treatments (n ϭ 3 plants per treatment combination). Because G. baccata is clonal (Harper, 1995) , individuals of this species were used only if they were separated from other individuals by a distance greater than 10 m. All species were standardized by height, and only reproductive stalks were used for Solidago spp.
Three levels of salt spray treatment and two levels of water treatment were used for each species. Filtered seawater (31 ppt), collected off the southern shore of Martha's Vineyard, was applied with a handheld plant mister at either 0 mg NaCl · dm Ϫ2 · d Ϫ1 , 2 mg NaCl · dm Ϫ2 · d Ϫ1 (equivalent to windward exposure at 125 m from the dune crest), or 4 mg NaCl · dm Ϫ2 · d Ϫ1 (equivalent to windward exposure at 25 m from the dune crest). For the water treatment, either no water or supplemental fresh water was applied at the level of 1 L/ d to the base of the plant using a backpack water sprayer.
Treatments began on 28 June 1999 and lasted for 8 wk. The precipitation during the first four weeks of the experiment was 3.23 cm, lower than the normal average of 7.42 cm, which could have resulted in high water stress for plants that did not receive supplemental water. Following the treatment period, water status, necrosis, and growth measurements were taken. Two aspects of water status were tested: predawn xylem pressure potential and leaf water content. Predawn xylem pressure potential of stems was measured in the field at 0400 using a pressure chamber (PMS Instrument Company, Corvalis, Oregon, USA). Leaf water content was measured on the first three fully expanded leaves or needles at the top of each plant. Leaves were oven-dried at 60ЊC for 48 h to determine dry mass. Leaf water content was calculated using the following equation: water content ϭ (leaf wet mass Ϫ leaf dry mass)/leaf dry mass.
No mortality occurred during the course of the experiment. Leaf necrosis, which results from chloride toxicity (Parsons and Gill, 1968) , was measured as an index for salt spray damage. Leaf necrosis was assessed on the same leaf used for water content measurements and was measured using a grid and expressed as a proportion of the total leaf area with necrotic damage.
Growth was measured using leaf area and shoot elongation. We sampled the area of the first fully expanded leaf on all six species tested. Shoot elongation was determined by measuring the height of plants before and after the treatment period. Solidago puberula and S. rugosa were the only species that exhibited vertical growth during the experimental period, so only data for these two species are reported.
Statistical analyses-All statistical analyses were run using general linear model procedures on SAS (SAS Institute, 1990). Soil water content was analyzed with a two-factor analysis of variance. For the manipulative experiments, three-factor analyses of variance using the main effects of species, salt spray treatment, and water treatment were run on all data. Additional twofactor analyses of variance using the main effects of salt spray treatment and water treatment were run for each individual species to determine the degree of response for each species to manipulated salt spray and water levels.
RESULTS
Field surveys-The two field sites differed in their soil water content. On average, soil water content was higher at QB than at LP, and the two sites differed in soil water content across distances (Fig. 1a) . At QB, soil moisture was low at 25 m and 50 m where sampling stations were on the sand dune and soil moisture peaked at 100 m in an area of salt marsh. Sampling areas inland of 100 m had relatively constant soil water content of approximately 15%. Soil water content at LP was approximately 10% across the distance gradient.
[Vol. 90 AMERICAN JOURNAL OF BOTANY All species used in the manipulative experiment except for P. rigida were found in the 50-m 2 sampling quadrats at QB and LP (Table 2 ). The forb species S. puberula was the least common species, occurring only in one quadrat at 175 m from the dune crest. Solidago rugosa (at QB) and Q. ilicifolia (at QB and LP) were present in more quadrats as distance from the dune crest increased. At QB, G. baccata was present in all quadrats inland of 125 m from the dune crest, while it was present in all sampling quadrats at LP. At QB, M. pensylvanica was present in more quadrats as distance from the dune crest increased, but the opposite trend was found for the same species at LP.
The stem density of different species varied by site ( Fig.  1b-c) . Solidago puberula occurred infrequently, with only two stems at 175 m at QB. Solidago rugosa was present at both QB and LP, although it did not occur at 25 m from the dune crest at either site. Solidago rugosa stem density peaked at 175 m at QB and at 100 m at LP. Gaylussacia baccata was present at both field sites, but patterns in stem density differed between the sites. At QB, G. baccata was not present until 125 m, but then it was present at relatively high density at sampling points farther inland. At LP, G. baccata appeared at 25 m and maintained a very high stem density until 200 m. Myrica pensylvanica was also present at both field sites. At QB, M. pensylvanica appeared in sampling plots at 125 m and had a relatively constant density until 200 m. At LP, M. pensylvanica occurred at 25 m, but the density was relatively low and, although present in quadrats (Table 2) , no individuals of this species were captured in 1-m 2 sampling plots inland of 75 m. While present in quadrats at both field sites, the successional tree species Q. ilicifolia was only captured by sampling plots at LP, where it had low stem density from 150 to 200 m. Pinus rigida, although present in inland forests adjacent to the study areas, was not present in the heathlands surveyed.
Manipulative experiment-Many of the plant traits measured had physiological, morphological, and growth responses to manipulated salt spray and water availability. The degree of response to salt spray and water availability varied among species. The most significant effects of treatments were detected for predawn xylem pressure potential and necrosis.
Water status-All six of the species tested showed a significant decrease in predawn xylem pressure potential in response to salt spray, indicating that the plants became more waterstressed with increasing salt spray (Table 3, Fig. 2 ). There were significant species effects, significant water treatment effects, and an interactive effect between salt spray and water treatment, indicating that additional water availability ameliorated the effects of high salt spray (Table 3 ). The other measure of water status, leaf water content, varied by species but did not change significantly under salt spray and water treatment (Tables 3, 4).
Necrosis-Necrosis increased with increasing levels of salt spray in four of the five species measured (Table 3, Fig. 3) . Necrosis was not measured in P. rigida due to the difficulty of measuring necrosis on needles. In the remaining five species examined, there was a significant three-way interaction (Table  3) . Further analysis by species revealed significant salt spray effects for S. puberula, S. rugosa, and G. baccata (Fig. 3) , but the native heathland shrub M. pensylvanica showed no necrosis (data not shown). The shrub species G. baccata had the most severe levels of necrosis. There were no interactive effects between salt spray and water treatments, but there was a slight decrease in salt spray damage in supplemental water treatments. While Q. ilicifolia was not significantly affected by salt spray, necrosis increased in this species under increasing salt spray levels and had an increased salt spray response in the high water treatment. Growth responses-Leaf area varied by species but not by salt spray and water treatments because no species except Solidago spp. flushed leaves during the experiment (Tables 5 and  6 ). Only the two forb species, S. puberula and S. rugosa, grew during the growth period. Shoot elongation of both was strongly reduced with increasing salt spray, although these changes were not statistically significant (Table 6 , Fig. 4) . Solidago puberula grew more in the high water treatment (Fig. 4) . Growth was inhibited for these two species under high salt spray treatments, and the effect was ameliorated by adding water.
DISCUSSION
Species distributions are determined by intrinsic factors such as recruitment and by extrinsic factors such as disturbances and abiotic conditions. In coastal areas, salt spray often influences the distributions of species, and plant population density can increase along a gradient of decreasing salt spray (Cheplick and Demetri, 2000) . Our field surveys identified distinctive patterns of species distribution that reflected differences in salt spray accumulation and water availability at different distances from the ocean and different field sites. Because some of the heathland species, including the successional tree species Q. ilicifolia, were rare close to the dune crest, they might have been limited by high salt spray in those areas.
In addition, heathland species grew only in areas with soil water content between 10 and 20%. Previous studies have determined that complex interactions between multiple abiotic factors shape coastal plant community composition (Barbour and DeJong, 1977; Houle, 1997) . Our manipulative experiments demonstrated an interactive effect among salt spray, water availability, and species. Salt spray and water, both individually and in combination with one another, might play an important role in determining which species grow in high salt spray heathlands.
Field surveys-Soil water content was constant across the distance gradient at LP, and the levels were lower than at QB. Because QB also had low soil water content close to the ocean, heathland plant species might be limited by high salt and low water in areas close to the ocean at QB. The higher water availability might allow heathland plants to grow in high salt spray areas at LP. Based on the soil water availability profile, we expected that species distributions in the QB plant community close to the ocean would differ along a distance gradient, while LP distributions would be more consistent across the site.
Indeed, in the field surveys at QB, heathland species, with the exception of M. pensylvanica, did not grow until 125 m from the dune crest. Therefore the extremes in water avail- ability from 25 to 100 m might have limited most heathland species. Unlike QB, soil water content at LP was constant at approximately 10% across the distance gradient. The survey of plant community structure at LP revealed that all heathland species except S. puberula were found throughout the distance gradient, but the patterns of distribution varied among species. Solidago puberula was relatively infrequent in the study areas, although it is more commonly found at other coastal sites.
Given its observed presence close to the ocean at other sites, the rarity of S. puberula at QB and LP is likely due to an intrinsic factor such as recruitment limitation rather than abiotic conditions alone. At LP, the forb species S. rugosa was present at all distances from the ocean, but stem density was highest at intermediate distances from the ocean. Given a low abundance at 25 m, S. rugosa might be limited by salt spray or some other factor close to the ocean. The shrub species M. pensylvanica was most common close to the dune crest, while G. baccata was common throughout the distance gradient. Gaylussacia baccata and S. rugosa are both clonal perennial species, which may explain why they have such high density when they are present in the community. The successional tree Q. ilicifolia was rare except at distances farther from the dune crest, suggesting that it may be limited by salt spray close to the ocean. Pinus rigida did not grow in any of the study areas, but previous studies have described this species as being saltintolerant (Boyce, 1954) . In other studies, P. taeda was eliminated from high salt spray areas unless it was sheltered from wind (Wells and Shunk, 1938; Johnson and Young, 1993) . Because P. rigida was absent close to the ocean, salt spray or low water availability may be limiting the growth of this species.
Manipulative experiment-Water status was affected by salt spray and water treatments. All species had decreasing predawn xylem pressure potential with increasing salt spray accumulation. This salt spray effect was ameliorated in all species when they were given supplemental water, particularly for S. puberula and P. rigida, suggesting that both common and successional trees would be better able to survive in high salt spray areas with high water availability. Gaylussacia baccata and Q. ilicifolia exhibited the lowest predawn xylem pressure potential measurements in low water, high salt spray treatments. Of the species tested, these two species are the most likely to be limited from growing in high salt spray, low water areas. We did not find a significant increase in leaf water content, which would be expected if plants altered leaf succulence as an adaptation to avoid salt spray stress (Boyce, 1951; Cartica and Quinn, 1980; Boyd and Barbour, 1986; Alpha et al., 1996) .
Necrotic damage increased with increasing salt spray levels in low water S. puberula, S. rugosa, G. baccata, and Q. ilicifolia. The necrotic response was slightly lower for high water plants of all species except for Q. ilicifolia, which showed an increase. Necrosis was not measured in P. rigida, but there is evidence from previous studies that salt spray does accumulate in needles of Pinus spp. and cause necrosis, even at low levels (Bedunah and Trlica, 1979; Zobel and Nighswander, 1990) . Myrica pensylvanica had no necrosis, demonstrating that this species is extremely salt tolerant and might not be limited in high salt spray areas, even if there is extremely low water availability.
Growth is often affected by salt spray, although the type and degree of growth response differs among species. Growth in some species is stimulated when sprayed with salt (Rozema et al., 1982; Maze and Whalley, 1992) , while growth is suppressed in others (Cheplick and Demetri, 1999) . In our experiment, growth responses were difficult to detect due to the short duration of the experimental period. Leaf areas did not differ among treatments in any of the species tested even though some species, most notably S. puberula and S. rugosa, were producing new leaves during the treatment period. While leaf area was not reduced in salt spray treatments, photosynthetic leaf area was substantially reduced by necrosis, up to 50% in some species. Such a reduction could have long-term consequences on how much the plants grow, how much energy they put into storage and reproduction, and how much they can grow and reproduce in subsequent years (Parker and Patton, 1975) . Despite the reduction, changes in shoot elongation were only detected in S. puberula and S. rugosa, although the differences among treatments were not significant. However, the general trend found for the Solidago spp. was that salt spray decreased shoot growth in low water treatments. A reduction in growth was not present in the high water treatment, suggesting that these species would be able to survive in high salt spray areas that also had high water availability. bution of common and successional heathland species can be explained by the independent and combined effects of salt spray and water availability. The field distributions of heathland plants at QB appear to be strongly controlled by low water availability close to the ocean. At LP, where water availability is more constant across the distance gradient, the distributions of plants are likely to be more strongly controlled by salt spray. In such areas, many heathland plants grow close to the ocean, and only those that are salt-intolerant are limited from the coastal areas. The two forb species, S. puberula and S. rugosa, had similar physiological responses to salt spray and water treatments. Under a high salt spray regime, both had more water stress and necrotic damage, as well as a slight but nonsignificant growth inhibition, suggesting that they might be limited from growing in high salt spray areas. These effects were ameliorated when supplemental water was added, indicating that these species might be able to survive in high salt spray areas if there is sufficient water. The distributions of these two species are difficult to generalize because S. puberula was so rare. However, S. rugosa distributions followed the predictions made from the manipulative study. At QB, this species was absent from the high salt spray and low water areas at 25 and 50 m from the dune crest and appeared in the community only at 125 m. Solidago rugosa at LP occurred at all sampling points, although it was most abundant in the intermediate distances. The areas close to the ocean at LP have high salt spray inputs but much higher water availability than at QB.
Of the two common heathland shrubs tested, G. baccata was more susceptible to salt spray treatments. Water stress and necrotic damage increased under manipulated salt spray, but supplemental water lessened these effects. At QB, this species was absent at 25 and 50 m from the dune crest, but it was common in the community beyond 125 m and abundant at all distances at LP. As with S. rugosa, the presence of G. baccata in the high salt spray zone at LP suggests that the species was able to grow close to the ocean because high water availability ameliorated the effects of salt spray. The second heathland shrub tested, M. pensylvanica, was the least susceptible to salt spray. Although water stress slightly increased under salt spray, M. pensylvanica had no necrotic damage, indicating that salt spray does not physiologically damage this species. Myrica pensylvanica grows quite close to the ocean, even in high salt spray, low water areas. Quercus ilicifolia showed the most extreme water stress response to salt spray treatment, and water only slightly ameliorated the effect, suggesting that, of the species tested, it is the most likely to be inhibited in high salt spray areas. Field observations support this prediction. At QB, Q. ilicifolia was present but not common in areas far from the ocean with low salt spray and high water. Similarly, at LP, this species was present across the distance gradient, but it was not abundant in areas close to the ocean. The other successional tree species tested, P. rigida, showed less severe water stress under salt spray manipulations, which would lead us to predict that it potentially could grow in heathlands with lower salt spray. Despite this prediction, we did not find any P. rigida growing in our survey areas within 200 m from the dune crest. The possible explanations for this absence are discussed in Griffiths (2003) .
Conservation implications-There are complex interactions between salt spray, water availability, and plant stress. In the biphasic model of plant responses to salinity (Munns, 1993) , the first stage of growth inhibition may occur because of a disruption in water relations, leading to water stress very similar to that caused by drought. If plants are growing with high water availability, however, the plant will be able to maintain normal water relations even under high salt spray regimes, perhaps explaining why we were able to detect changes in water status but not growth after 8 wk. While salt spray and water availability do not entirely account for the zonation in coastal areas, they are likely to have a profound impact on the community close to the ocean.
When designing and implementing management plans, we need to consider the many different abiotic factors that influence plant community composition. Salt spray may limit the growth of some species in heathlands growing close to the ocean. However, it might be more likely that successional species will occur even in the high salt spray zone if the sites have high water availability. Managers should seek to understand the profile of salinity, water availability, and salt spray at sites that are managed for conservation purposes. Sites with higher water availability may support a more diverse heath assemblage, but will be susceptible to succession by P. rigida and Q. ilicifolia. Management activities to facilitate persistence of indicator heathland species should focus on areas where both salt spray and water availability are intermediate, which is optimized to promote growth of salt-tolerant heathland species and to discourage growth of salt-intolerant successional species. Managers should also be aware that hydrological changes (i.e., fresh-or saltwater intrusion) will affect community structure, probably within a few growing seasons. Disturbance events, particularly tropical storms and hurricanes may ''reset'' the successional clock by eliminating more saltintolerant species from heath (Griffiths, 2003) .
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